The effect of stratification on dormancy release of grape seeds crossing from the sub-to the supraoptimal range of temperatures and water contents was analysed by modified threshold models. The stratification impacted on dormancy release in three different ways: (i) dormancy was consistently released with prolonged stratification time when stratified at temperatures of <15°C; (ii) at 15°C and 20°C, the stratification effect initially increased, and then decreased with extended time; and (iii) stratification at 25°C only reduced germinable seeds. These behaviours indicated that stratification could not only release primary dormancy but also induce secondary dormancy in grape seed. The rate of dormancy release changed linearly in two phases, while induction increased exponentially with increasing temperature. The thermal time approaches effectively quantified dormancy release only at suboptimal temperature, but a quantitative method to integrate the occurrence of dormancy release and induction at the same time could describe it well at either sub-or supraoptimal temperatures. The regression with the percentage of germinable seeds versus stratification temperature or water content within both the sub-and supraoptimal range revealed how the optimal temperature (T so ) and water content (W so ) for stratification changed. The T so moved from 10.6°C to 5.3°C with prolonged time, while W so declined from >0.40 g H 2 O g DW 21 at 5°C to ;0.23 g H 2 O g DW 21 at 30°C. Dormancy release in grape seeds can occur across a very wide range of conditions, which has important implications for their ability to adapt to a changeable environment in the wild.
Introduction
Grape (Vitis spp.) is one of the most economically important fruit species in the world, with ;71% used for wine making, 27% as fresh fruit, and 2% as dried fruit (FAO, 2007) . The dormancy characteristics of grape seeds have been known for many years (Flemion, 1937) , and some research has been conducted on seed dormancy release (Singh, 1961; Manivel and Weaver, 1974; Ellis et al., 1983; Spiegel-Roy et al., 1987) . Most research indicates that cold stratification is the most successful treatment for dormancy release of grape seed (Flemion, 1937; Singh, 1961; Ellis et al., 1983) , and the excised embryo can produce a normal seedling (Faure et al., 1998; Gan et al., 2008) . Thus, dormancy of grape seeds may belong to the physiological dormancy (PD) type (Baskin and Baskin, 2004) . Though cold stratification is the common method used to release the PD of grape seeds, the stratification temperature and period vary greatly among these studies. This may be due to inter-or intraspecies variation in dormancy, or lack of a detailed model to describe the effects of temperature and water content on dormancy release of grape seeds. Dormancy release is tightly related to environment temperature and seed water content, and mathematical models can clearly describe how these factors impact on this process (Bradford, 2002; Finch-Savage and LeubnerMetzger, 2006; Batlla and Benech-Arnold, 2007 ). The population-based threshold model is the most useful mathematical model and has been successfully applied to describe dormancy release in many species (Christensen et al., 1996; Bauer et al., 1998; Kebreab and Murdoch, 1999; Steadman et al., 2003a, b; Steadman, 2004; Steadman and Pritchard, 2004; Alvarado and Bradford, 2005; Bair et al., 2006) . Most of the models show that dormancy release not only increases the percentage of germinable seeds, but also changes some physiological parameters, such as base temperature (T b ), mean lower limit temperature [T l(50) ], and mean base water potential [W b (50) ] for germination, which widen the range of temperature and water content permissive for germination (Bradford, 2002; FinchSavage and Leubner-Metzger, 2006; Batlla and BenechArnold, 2007) . For example, dormancy release of true (botanical) potato seeds decreases the W b (50) for germination, and allows germination to proceed at more negative water potentials (Alvarado and Bradford, 2005) . These indices are also indirectly related to temperature (Steadman and Pritchard, 2004) , accumulated thermal time Benech-Arnold, 2003, 2004) , and water potential (Alvarado and Bradford, 2005; Bair et al., 2006) for stratification to quantify the effect of temperature, water potential, and period of time on seed dormancy status.
There are also a few models directly relating the temperature and water content to some physiological indices of dormancy release, such as base temperature for dormancy release and rate of loss (Prichard et al., 1996; Kebreab and Murdoch, 1999; Steadman, 2004) . The model establishes the relationship between dormancy release and treatment temperatures or seed water content, and describes how the rate of dormancy release changes with temperature (Pritchard et al., 1996; Steadman et al., 2003b; Steadman, 2004) . With regard to the thermal time theory, Steadman et al. (2003b) and Steadman (2004) characterized the change of percentage of germinable seeds in relation to thermal time and showed that the change was dependent on temperature or water content in Lolium rigidum seed. These results revealed the varied mechanisms of dormancy release in different conditions of temperature and seed water content.
Most of the above models only characterize dormancy release at suboptimal temperature, but there have been few attempts to model the dormancy release across a wider range of temperatures or water contents. In the wild, the conditions for dormancy release are very complicated, and temperature and soil moisture vary greatly by season. In addition, release of seed dormancy may be simultaneously accompanied by induction of secondary dormancy within a wide range of temperatures (Totterdell and Roberts, 1979; Kebreab and Murdoch, 1999; Baskin and Baskin, 2004; Batlla and Benech-Arnold, 2007) , which results in further complications in seed dormancy release. Thus, the present study aimed to develop a threshold model to describe and quantify grape seed dormancy release across a series of both sub-and supraoptimal temperatures and water contents while considering the possible occurrence of dormancy re-induction. It would be helpful to understand ecologically how grape seed responds and acclimates to the variable environmental conditions.
Materials and methods

Plant materials
Beichun grape (a cross-breed of Vitis vinifera3V. amurensis) fruits were collected after maturity in the germplasm resource nursery of grapes in the Institute of Botany, the Chinese Academy of Science, Beijing, on 10 September (sample 1) and 28 September (sample 2) 2007. The seeds were removed from the berry and the appendages of the outer seed coat were removed by abrading. The seeds were cleaned in water and dehydrated to a water content of 0.1360.02 g H 2 O g À1 DW (g g À1 ) at 25°C and 60% relative humidity (RH). The seeds of sample 1 and sample 2 were used for model evaluation and establishment, respectively.
Water content determination
The water content of seeds was determined according to the methods of the International Seed Testing Association (1999) and expressed on a dry mass basis [g H 2 O (g DW)
Germination testing
Four replicates of 50 seeds stratified for different periods of time were germinated on two layers of filter paper moistened with 5 ml of distilled water in 9 cm diameter Petri dishes at a fluctuating temperature of 30°C/20°C (daytime 12 h, 30°C/night-time 12 h, 20°C) in darkness for 30 d. Radicle protrusion of 2 mm was used as the criterion for germination.
Stratification treatments
In the first treatment, seeds were put into a loosely tied opaque plastic bag and mixed with moist perlite whose water content was ;2 g g À1 (seeds:perlite¼1:5, v/v). Sample 1 was put into an incubator in the dark at 5, 10, 15, 20, and 25°C, and sample 2 was placed in an incubator in the dark at 0, 3, 6, 10, 15, 20, 25 , and 15°C/5°C (daytime 12 h, 15°C/nighttime 12 h, 5°C). The seeds were taken out of the bag and germinated after stratification for different periods of time. The periods of time for sample 1 were 7, 14, 21, and 40 d, and for sample 2 were 0, 5, 10, 15, 20, 30, and 60 d. For the second treatment, seeds placed in 9 cm diameter Petri dishes were moisture-equilibrated to different water contents at a controlled RH, and then stratified in an incubator in the dark for 90 d at 5°C and at 7.5% (saturated NaOH solution), 43% (saturated K 2 CO 3 solution), 76% (saturated NaCl solution), 96% (v/v, 20% glycerol), 98% (v/v, 12% glycerol), 99% (v/v, 6% glycerol) , and 100% (water) RH; at 20°C and at 33% (saturated MgCl 2 solution), 43% (saturated K 2 CO 3 solution), 76% (saturated NaCl solution), 96% (v/v, 20% glycerol), 98% (v/v, 12% glycerol), 99% (v/v, 6% glycerol) , and 100% (water) RH; or at 30°C and at 26% (saturated CaCl 2 solution), 75% (saturated NaCl solution), 84% (saturated KCl solution), 96% (v/v, 20% glycerol), 98% (v/v, 12% glycerol), 99% (v/v, 6% glycerol) , and 100% (water) RH. In addition, some of the seeds were also embedded in moist perlite with water contents of 0.2 g g À1 and 2 g g À1 at 5°C, and 2 g g À1 at 20°C and 30°C to obtain higher water contents of seeds for stratification. These seeds were subsequently sampled for germination and water content determination.
Viability test
The tetrazolium test could not detect the viability of seeds; therefore, after the experimental stratification treatment, part of the samples of seeds were transferred to 3°C for a further stratification. After 30 d, the seeds were moved to Petri dishes for germination tests to determine viability.
Threshold model definition and statistical analysis
The thermal time [h T (g)], ceiling temperature [T c (g)], and base water potential values [W b (g)] for germination are normally distributed among seeds in a population (Bradford, 2002) , and thus seed germination at the corresponding temperature or under the corresponding water potential will have the following relationship:
where y is the percentage of seed germination at the corresponding temperature or under the corresponding water potential of x, x represents the temperature or water potential for germination, G max is the maximum percentage of seeds to germinate, U is the normal probability integral, l is the mean, and r is the standard deviation of the original distribution of y. Similarly, dormancy release also follows a cumulative normal distribution, so Equation 1 can also be applied to predict the proportion of the seed population in which has been released dormancy, when x represents the temperature or water potential for dormancy release and y is the percentage of seeds in which dormancy is released at or under the corresponding x. However, dormancy induction may occur simultaneously during the process of dormancy release, and be independent of dormancy release (Totterdell and Roberts, 1979; Kebreab and Murdoch, 1999) . If it is supposed that dormancy induction also follows a normal distribution (Kebreab and Murdoch, 1999) , the percentage of seed in which dormancy is induced at a given temperature could also be estimated from Equation 1. If dormancy release and induction occurred independently at a certain temperature and the maximum numbers of seeds in which dormancy was released and induced were equal, the percentage of germinable seeds would be:
where G max is the maximum percentage of seeds that can be released from dormancy in the experimental population, g1
is the initial probit percentage of non-dormant seeds in a population with 100% of seeds that can be released from dormancy, i.e.
(g is the observed germination of fresh harvest seeds), r1 and r2 are the rate of dormancy release and induction respectively, t sg is the stratification time, and g2 is the probit percentage of seeds that cannot be released from dormancy in the experimental population, i.e.
If the parameter r1 was related to temperature, the change of percentage of germinable seeds could be quantified according to the thermal time theory (Garcia-Huidobro et al., 1982; Covell et al., 1986; Ellis et al., 1986 Ellis et al., , 1987 Bradford, 2002; Hardegree et al., 2006; Chantre et al., 2009 ), but if r2 was related to temperature synchronously, Equation 2 could be similarly used to describe and predict the dormancy release in relation to temperature and time (Kebreab and Murdoch, 1999) .
For application of the thermal time approaches in describing dormancy of grape seeds, it is assumed that the base temperature for dormancy release (T sb ) was constant and the thermal time for stratification (S tt ) followed a lognormal distribution in the suboptimal range of stratification temperature, whereas in the supraoptimal range, the thermal time for stratification (S Tc ) was assumed to be constant and the 'ceiling' temperature for dormancy release (T sc ) was assumed to follow a log-normal distribution. Then S tt exhibited
and T sc
where T s is the dormancy release temperature and t sg is the time for dormancy release. Then, the percentage of seeds in which dormancy is released in relation to time and suboptimal temperatures was:
or to supraoptimal temperatures was:
where b is the fraction of non-dormant seeds at the beginning of stratification and G max is the maximum percentage of seeds in the population able to release dormancy. For estimation of the optimal temperature and water contents for dormancy release of grape seed, the relationship between the percentage of seeds in which dormancy was released and temperature or water content, crossing from the sub-to the supraoptimal range, was modelled as:
where l1 and l2 are the means, and r1 and r2 are the standard deviations of the distributions at sub-or supraoptimal temperature or under sub-or supraoptimal water content, respectively. l1 and l2 denote the mean of the lower and upper threshold temperature for germination (Grundy et al., 2000) , and here were defined to the mean of the lower and upper threshold temperatures (T sl and T su ) or water contents (W sl and W su ) for dormancy release. In Equation 9, a normalized final germination was applied, so that the maximum germination was 100%.
Graphpad Prism 5.0 (GraphPad Software) was applied for statistical analysis of the data and parameter estimation, and a global regression with Prism 5.0 was used to perform a regression with constraint parameters (http://graphpad. com/articles/P4Global.pdf). The global regression was also used to test the significant difference between regression lines, which was implemented through comparing the lines between regression with no constraint and regression with constraining all parameters to shared values for all data.
Results
Effect of stratification temperature and time periods on dormancy release
Stratification effect on dormancy release: Dormancy release, quantified by the dynamics of germination, was strongly influenced by the stratification temperature and time periods (Fig. 1) . After germination at 30°C/20°C in darkness for 30 d, germination of the control (unstratified) seeds was ;23.3%, and the stratification treatment significantly changed the germination of seeds (Fig. 1) . When stratified at 0-10°C and 15°C/5°C, the dormancy of seeds was continuously released, which eventually allowed >80% of seeds to germinate (Fig. 1A-D, H) . In addition, the stratification not only released the seed dormancy, but also increased germination rates with increasing stratification times at these temperatures (Fig. 1A-D, H) , particularly visible at 15°C/5°C (Fig. 1H) . Although the stratification at 15°C for 30 d also resulted in dormancy release of 75% of seeds in the population, the stratification effect decreased when the time was prolonged to 60 d (Fig. 1E) . When seeds were stratified at 20°C, the percentage of dormancy release was ;40% during 10 d and this decreased when the stratification time was longer than 15 d (Fig. 1F) . Dormancy release could not be observed when seeds were stratified at 25°C, and the germination decreased with increasing stratification time (Fig. 1G) .
As mentioned above, stratification exerted three different effects on dormancy release of grape seeds. At temperatures of 0, 3, 6, 10, and 15°C/5°C, stratification continuously released seed dormancy with increasing stratification time, presenting a sigmoidal increase on a percentage germination basis, with the maximum effect at 10°C (Fig. 2A) . When stratified at 15°C and 20°C, only dormancy release of some seeds could be achieved after certain durations, i.e. 30 d and 10 d, respectively (Fig. 2B) . When stratification was at 25°C, the dormancy status of seeds, as measured by percentage germination, was maintained or increased with increasing stratification time (Fig. 2C) . The effect indicated the simultaneous occurrence of dormancy release and induction, which could be modelled by Equation 2 (Fig. 2) .
Release and induction of seed dormancy and prediction of seed germination: From the regression of the percentage of germinable seeds versus stratification time (Fig. 2) , the rate of dormancy release and induction were obtained. The rate of dormancy release linearly increased with increasing temperature from 0°C to 10°C as:
and then decreased with increasing temperature from 10°C to 25°C (Fig. 3) : where r sl and r su are the rate of dormancy release over a range of the corresponding temperatures, respectively.
The inflexion of the regression lines of the rate of dormancy release defined the optimal temperature for dormancy release (T so ), ;9.8°C (Fig. 3) . From Equations 10 and 11, T sb and S Tc at sub-(T s <9.8°C) and supra-(T s >9.8°C) optimal temperature were calculated as -10.9°Cd and 107.5°Cd, respectively. At this time, the change in the percentage of germinable seeds with S tt (Fig. 4A ) or T sc (Fig. 4B ) could be analysed via the thermal time approaches (Equations 5-8). At suboptimal temperatures, the increase in the percentage of germinable seeds with S tt followed one regression line when seed were stratified at 0-6°C ( Fig. 4A ; F 6,72 ¼0.84; Tabulate F 6,72 ¼2.23, P¼0.55), while at supraoptimal temperatures the change in the percentage of germinable seeds with T sc varied greatly (Fig. 4B) . On the other hand, if T sc was assumed to be constant but S Tc was assumed to follow a log-normal distribution (Equation 6), the regression lines had a similarly significant difference among the supraoptimal temperatures (data not shown). The method above did not integrate the factor of dormancy induction into the quantification of dormancy release, while dormancy induction occurred with dormancy release at the same time, and its rate continuously increased with increasing temperatures (Fig. 3) :
Thus, the factors of dormancy release and induction were combined together to quantify the effect of stratification time and temperature on dormancy release (Equations 2, 10, 11, and 12). From the value of g1 and g2 obtained from the regression line, -0.52 and -1.26, respectively, the percentage of seeds that can germinate when stratified at suboptimal temperature was estimated (T s <9.8°C):
while at supraoptimal temperature (T s >9.8°C): Fig. 2 . Different stratification behaviours of seeds stratified at a series of temperatures. The final percentages of germinable seeds stratified at a given temperature were plotted and regressed against the stratification time. The regression was according to Equations 2 and 4. In Equation 2, the parameters g1 and g2 were constrained to be shared for all data. Data are means 6SD and the solid lines are the regression lines. Fig. 3 . Change of rate of dormancy release and induction. From the regression between the stratification time and germination of seeds after stratification (Fig. 2) , the estimated rates of dormancy release (filled circles) and induction (filled squares) were plotted and regressed versus temperature of stratification. The rate of dormancy release showed a two-phase linear change, while induction exhibited an exponential increase with temperature. The intercepts of the two-phase linear line on the temperature axis were -10.9°C and 24.5°C. Calculating from Equations 5 and 6, the S tt (A) and T sc (B) were regressed against the percentage germination after stratification (Equations 7 and 8). The regression lines were not significantly different at suboptimal temperatures from 0°C to 6°C (A), but were significantly different at supraoptimal temperatures (B).
Thus the germination of seeds stratified at a given time and temperature, in both the sub-and supraoptimal range, could be predicted. To evaluate the function of the equation in the prediction, the independent data obtained from stratification treatment on another seed population (sample 1) were compared with the percentage of germinable seeds predicted from Equations 13 and 14. A good correlation was obtained between the predicted and observed data (Fig. 5 , solid line, R 2 ¼0.85). However, the equation slightly underestimated the percentage of germinable seeds, showing a slope slightly greater than 1 (Fig. 5, dashed line) . Underestimation was possibly due to the different times at which the seeds were harvested, which may influence the seed dormancy status.
Modelling optimal temperature for dormancy release: Judging from the rate of dormancy release, it appeared that the optimal temperature for dormancy release (T so ) was ;9.4°C (Fig. 3) . Nevertheless, a method to model the percentage of seed germination after stratification against stratification temperature (Equation 9) gave a changed value of T so with stratification time (Fig. 6 ). When normalized germination was plotted and regressed versus the stratification temperature (Equation 9), germination showed a bell-shaped change with the stratification temperature (Fig. 6A) . It was clear that germination of seeds stratified at 0-10°C increased, and that at 10-25°C decreased with increasing stratification time (Fig. 6A) . With increasing stratification time, the regression lines approached the maximum germination percentage at 0-10°C, while at 10-25°C the lines shifted to a lower temperature (Fig. 6A ). This change on both sides of the line was more directly reflected in an exponential decline in T sl and T su with stratification time (Fig. 6B and Table 1 ). The stratification temperature corresponding to maximum germination in the regression lines was the T so , which decreased Table 1 .
like T sl and T su (Fig. 6B ). The T so changed from 10.6°C at 5 d of stratification to ;5.3°C at 60 d.
Effect of water content on dormancy release of seed
After equilibration at different RHs, seeds were stratified at different water contents and temperatures for 90 d. The results showed that the water content at which the seeds were stratified significantly influenced subsequent seed germination, and the effect was closely related to the stratification temperature (Fig. 7) . When stratification was at 5°C, the percentage germination of seeds increased with increasing water content of seeds, reaching a plateau level when the water content was higher than ;0.40 g g À1 (Fig. 7A ). When stratification was at 20°C or 30°C, the percentage germination first increased with increasing water content of seeds, and then decreased (Fig. 7B, C) . The viability test of seeds stratified at different RHs for 90 d indicated that the ageing process did not occur (data not shown). Thus, lower water contents clearly promoted the effect of stratification on dormancy release, especially of warm stratification. For release of dormancy of seeds, the means of the lower (W sl ) and higher (W su ) threshold water contents were 0.23 g g À1 and 0.30 g g À1 at 20°C, and 0.14 g g À1 and 0.27 g g À1 at 30°C (Table 2) , while the optimal water content (W so ) was 0.26 g g À1 at 20°C and 0.23 g g À1 at 30°C. The optimum water content for dormancy release changed with the temperature of stratification, and moved to a lower potential at higher temperature (Fig. 7D) .
Discussion
The percentage germination of newly harvested 'Beichun' grape seeds was ;23.3%, showing that these seeds have dormant characteristics like those of other grape species or varieties (Singh, 1961; Manivel and Weaver, 1974; Ellis et al., 1983; Spiegel-Roy et al., 1987) . Dormancy release of 'Beichun' grape seed is temperature dependent during stratification, i.e. the dormancy of seeds is effectively released by stratification of 0-10°C and 15°/5°C, partially released by 15°C and 20°C, and inhibited or induced by 25°C (Figs 1, 2) . Totterdell and Roberts (1979) argued that stratification not only resulted in dormancy release, but also could induce dormancy, and that these two independent Table 1 . R 2 , parameter values, and its 95% confidence interval (CI) of the regression in Fig. 6A Sd, stratification time. Table 2 .
processes may occur at the same time. In Rumex, dormancy was released as long as the temperature was <15°C, but simultaneously could be induced at any temperature. Similarly, the model shows that the dormancy of 'Beichun' grape seed can be released at temperatures reaching ;24.5°C (the average 'ceiling' temperature), but can also be induced at any temperature (Fig. 3) . The effect of temperature on the rate of dormancy release is closely related to species. In some species, such as Orobanche spp. (Kebreab and Murdoch, 1999) and L. rigidum (Steadman, 2004) , the rate continuously increases with increasing temperature, and also in some species, i.e. Rumex (Totterdell and Roberts, 1979) , the change in rate is independent of temperature, while in other species, e.g. Aesculus hippocastanu (Pritchard et al., 1996) , the rate decreases with increasing temperature. However, for 'Beichun' grape seeds, the rate increases initially and then decreases with increasing temperature (Fig. 3) . Also, the rate of dormancy induction of 'Beichun' grape seeds also increases with increasing temperature. These results were similar to those for Rumex seeds (Totterdell and Roberts, 1979) .
The occurrence of dormancy induction in grape seed may weaken the effect of the thermal time approach in quantitatively describing the change of germinable seeds in relation to time and temperature, especially at supraoptimal temperature. At suboptimal temperature, due to the slow rate of dormancy induction, e.g. the rate at 0-6°C (Fig. 3) , dormancy induction has little influence on the percentage of seed that can be released from dormancy. Thus, the same regression exists with the percentage of germinable seeds against S tt (Fig. 4A) . When the rate becomes more rapid at supraoptimal temperatures, such as the rate at 10-25°C (Fig. 3) , it may decrease the percentage of seeds that can be released from dormancy and the more rapid the rate, the greater the decrease. Thus, the regression with the percentage of germinable seeds against T sc depends on the temperature (Fig. 4B) . However, some more effective methods such as Equations 13 and 14 can be applied to quantify the germinable seeds at a given time and temperature, in both the sub-and supraoptimal range. The methods can eliminate the influence of dormancy induction on dormancy release.
Generally, summer species will release dormancy at colder temperatures in winter (Batlla and Benech-Arnold, 2007) , but the seeds of summer perennial species of grape can release dormancy at both colder and warmer temperatures, which requires the regulation of the water content. At 5°C, dormancy is released well in 'moist' conditions, and the releasing effect increases with increasing water content (Fig. 7A ), while at warmer temperatures of 20°C and 30°C, 'dry' conditions are more effective to release dormancy, and the effect is normally distributed around the optimum water content (Fig. 7B, C) . Bair et al. (2006) hypothesized that after-ripening occurs at an optimum range of W, and at lower or higher ranges the effect of dormancy release decreases with W. However, in the present work, the optimum water content for dormancy release of grape seeds also showed a temperature-dependent change, e.g. the optimum water content was 0.26 g g À1 and 0.23 g g
À1
at temperatures of 20°C and 30°C, respectively. Thus the conditions for dormancy release of grape seeds seem to be very wide ranging, and dormancy can be released in either 'moist' or 'dry' conditions. An alteration of membrane fluidity may be a mechanism to explain the different water content requirements for stratification at various temperatures. Membrane fluidity is thought to control dormancy release, because it influences signal transduction pathways (Murata and Los, 1997; Hallett and Bewley, 2002) . For dormancy release, membranes may need to transform to a critical phase that can receive and transfer a dormancy release signal, which is influenced by temperature and water content. At higher temperatures or water contents, membranes have higher fluidity (Alonso et al., 1996; Murata and Los, 1997; Bryant et al., 2001) . Thus, when the membrane fluidity reaches a critical phase that is optimal for dormancy release with a 'moist' level at cold temperature, the water content for stratification must be lower than the 'moist' level to reach the critical phase at warm temperatures, and the higher the temperature, the lower the water content requirement. When considering the occurrence of dormancy induction during stratification (Fig. 2) and the variation of the optimal stratification temperature (Fig.5 ) and water content (Fig. 6) , it is very difficult to determine the appropriate conditions for dormancy release in grape seed. Thus, various protocols for grape seed dormancy release were suggested in previous studies (Singh, 1961; Manivel and Weaver, 1974; Ellis et al., 1983; Spiegel-Roy et al., 1987) . Table 2 . R 2 , parameter value, and its 95% confidence interval (CI) of the regression in Fig. 7 ST, stratification temperature. Nevertheless, modelling can overcome the difficulty and clearly explain the conditions for dormancy release in various situations. Although dormancy release and induction occur simultaneously during stratification, the threshold model is still helpful for the characterization of the effect of stratification on seed dormancy when modified as in Equations 2 and 9. The model can describe the effect of stratification not only at a certain temperature (Fig. 2) , but also at or with a series of temperatures (Fig. 6 ) or water contents (Fig. 7) , in both the sub-and supraoptimal range. While dormancy can be released over a wide range of temperatures, the effect is modulated by the available water content. This means that the dormancy release of grape seeds is not constrained to a given set of conditions, but will change according to environmental conditions. Seed dormancy is a characteristic which adapts to environmental conditions (Bewley, 1997; Baskin and Baskin, 1998; Batlla and Benech-Arnold, 2007) , and its removal is closely related to the subsequent growth conditions, such as temperature, light, and soil moisture (Benech-Arnold et al., 2000) . As dormancy is alleviated, germination is allowed to proceed at colder temperatures (Batlla and Benech-Arnold, 2003; Steadman, 2004) . Thus, the seed will continue to germinate at colder temperatures, which is not advantageous for seedling growth. However, in grape seeds, induction of secondary dormancy at colder temperatures (Figs 2B, 3) prevents the germination at disadvantageous temperatures. In addition, stratification at a lower temperature can release seed dormancy more effectively over a longer period (Fig. 6B) , which ensures that some of the seeds that have been induced to secondary dormancy at the disadvantageous temperature are fully released from dormancy again when the temperature declines during winter. The cold stratification requires 'moist' soil conditions, and if the water content is not 'moist' enough in winter, seed dormancy may not be released. However, grape seeds can also release dormancy even with a limited water content in other seasons, when temperatures are sufficiently warm. Since seeds can evolve a dormancy mechanism to avoid germination proceeding in an adverse environment, they should accordingly evolve adaptive ways to release dormancy for the occurrence of germination under appropriate conditions. In grape seeds the adaptive way is to release dormancy across wider ranges of temperature and water content. This ensures that seeds can germinate as long as the conditions are appropriate, which reflects a strategy to establish a large number of seedlings under appropriate natural conditions (Benech-Arnold et al., 2000) . The stratification treatments were only conducted at a fixed temperature or water content, but dormancy release in the wild generally occurs with variable temperatures or in conditions alternating between 'moist' and 'dry'. If dormancy release can occur over a wider range of temperature and water content as the model showed, seeds will probably lose dormancy in the more complicated wild conditions. Whether the model can be applied to predict dormancy release of grape seed in the wild requires a more detailed investigation.
